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2. REPORT TYPE 3. DATES COVERED (From -To) In recent years, the vertical external cavity surface emitting laser ͑VECSEL͒ 1-4 has received considerable attention. In the past decade, VECSELs have been investigated for their high power, high efficiency, ability to operate in continuous wave mode, and diffraction-limited beam quality.
Employing an "open-cavity" architecture allows the use of intracavity elements such as saturable absorbers and nonlinear crystals. 2, 3 Laser dynamics are dramatically affected by the large cavity damping, contributing to low noise floor in VECSELs, indicating potential uses in low-frequency rf sources. 5 Direct source applications most often necessitate digital or analog modulation, e.g., free-space communication or three-dimensional laser RADAR imaging. In some cases, pulsed or mode-locked lasers are suitable, but in others, small-and large-signal modulation is required for flexible signal encoding. 6 While large-signal VECSEL modulation has been studied previously, 4 in this letter, we report an investigation of the small-signal modulation of VECSELs operating between the class A and class B regimes.
Studying the small-signal regime of VECSEL operation has several advantages. First, the simplifications to the full rate equations allow us to more tenably study relations between the photon densities and the carrier density in both the wells and barriers. Second, using the small-signal approximation, the parameters of the coupled equations of a three level system may be extracted by fitting the model to experimental data. Finally, this analysis of VECSELs allows the nondestructive characterization of the internal loss and the differential gain, a definite advantage if these devices are to be incorporated into communications or imaging systems.
The cavity we study is comprised of an epitaxially grown mirror/active region combination and an external curved mirror supporting a stable mode. The active region is composed of a 14 strained quantum-well InGaAs resonant periodic gain region with strain compensating layers designed to operate at approximately 976 nm at 20°C. The active region is heterogeneously grown with a distributed Bragg reflector composing one mirror of the resonator. Fabrication entails solder bonding the chip to a diamond heat spreader, removing the substrate, and applying a lowreflectance single-layer dielectric coating onto the surface, significantly reducing both pump and lasing reflections from the semiconductor/air interface. Details of this structure and its cw performance can be found elsewhere. 7 A 200 mm radius of curvature output coupler is placed 3 cm from the microchip, which results in a photon lifetime regime of interest. The cavity is allowed to run in multiple transverse and longitudinal modes with no intracavity filtering elements. The VECSEL chip is pumped with two 808 nm lasers. First, a high-power fiber-coupled laser bar imaged onto the semiconductor surface at an angle of approximately 40°results in a pump ellipse with a minor axis of 200 m, herein referred to as "bias pump." A second lower power ridge laser is biased above threshold and is sinusoidally modulated with an amplitude of approximately 18 W. This second ac pump is imaged onto the chip surface and overlaps an area slightly smaller than the bias pump to create the small-signal modulation. The electrical input to the ac pump is adjusted to maintain a constant output optical amplitude independent of modulation frequency, thus explicitly isolating the response of the VECSEL. The combination of these two pumps allows for biasing the VECSEL above threshold and modulating small amplitudes above this bias point, and is not dissimilar to direct-drive modulation of electrically injected lasers. 8 The bias power out of the cavity is maintained at 1 W or less to minimize thermal loading, which is ignored in the model.
The low reflectance dielectric coating allows us to neglect etalon effects in the chip. If we also ignore the weak filtering due to the resonant periodic gain and position the spectral influence of the distributed Bragg reflector, we may analyze the low frequency laser response using coupled differential equations. This chip is barrier pumped, therefore we must consider both well and barrier densities, not unlike that of step confinement heterostructure ͑SCH͒ electrically injected lasers.
In the above equations, N w , N b , and N p represent the well, barrier, and photon densities, respectively, while P i rep- 9,10 The group velocity within the semiconductor active region is given by v g , and the quantum well material gain is g w . Resonant gain enhancement is ⌫ r .
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The three-dimensional mode overlap with the gain region is ⌫, and the fraction of the photons captured by the VECSEL cavity is ␤ sp . Finally, the photon lifetime ͑ p ͒ is used here as a slight modification to the more typical version,
͑4͒
In Eq. ͑4͒, L a is the thickness of the semiconductor active region, L p is the length of the passive cavity, c is the vacuum speed of light, R 1 is the reflectivity of the distributed Bragg reflector, R 2 is the reflectivity of the out-coupler, and S 2 accounts for the power lost due to scattering at the surface of the chip. The scattering can be experimentally determined through analysis of the slope efficiency,
where P o indicates bias output, ⌫ T is the transverse field confinement within the gain region, ⌬ p is the quantum defect, and ⍀ is the fraction of light absorbed by the barriers and wells in the active region ͑⍀ ϵ ⍀ w + ⍀ b ͒. For this particular chip, the scatter S is found to be 0.992; the total absorption is about 70%.
To determine the small-signal response, the VECSEL output is coupled to a multimode fiber which is incident on a 26 GHz photodetector ac coupled to a 2 GHz rf spectrum analyzer. To develop a modulation transfer function ͑MTF͒, we sweep the modulated laser across the microwave spectrum, recording each detected rf signal from the spectrum analyzer. In much the same way as modulation in lasers, both well and barrier carriers are allowed to oscillate with the pump, and their response is damped by the carrier and photon lifetimes.
We are able to change cavity parameters and characterize the operating properties of the chip. For example, photon lifetime may be varied simply by changing the outcoupling mirror, resulting in a change to the photon lifetime as governed by Eq. ͑4͒. Reflectivities of approximately 96%, 98%, and 99% are used to adjust the photon lifetime to 3.4, 6.2, and 7.7 ns, respectively. Particular care is taken to avoid transverse mode hopping, which at higher pump powers causes fluctuations in output power.
The gain region of the VECSEL is a very small fraction of the cavity, resulting in a ⌫ on the order of 10 −6 . This fact allows us to neglect the relative contribution of the direct well pumping, therefore the output of the VECSEL modulates as a function of frequency, , according to the three pole formula
The angular frequency is r , ␥ is the associated damping, and wb is the barrier to well carrier lifetime, 12 which dominates over direct nonradiative recombination in the barriers R b . Figure 1 shows the MTF for particular pump powers ͑in units of threshold͒ against modulation frequency for 3.4, 6.2, and 7.7 ns photon lifetimes. Data are taken for modulation frequencies up to 120 MHz. The data, indicated by the points in Fig. 1 are fitted with Eq. ͑6͒, and plotted as solid lines. Resonance frequency, damping, and differential gain are extracted from the data and reported in Table I for output powers of 300 mW. The square of angular resonance frequency, w r 2 can be approximated by 
